ABSTRACT. Sugars acting as fuel energy or as signaling molecules play important roles in plant growth and development. Although sugars associated with early seedling development have been analyzed in detail, few studies have examined the effect of sugar on genome-wide gene transcription. To analyze the role of glucose on the genomic level, we examined the response of seedlings to 5% glucose using RNA-seq technology. High concentrations of glucose significately altered the expression of 863 genes, with 558 upregulated and 305 downregulated genes by more than 2-fold. A large number of genes affected by glucose were involved in metabolic processes and signaling. Transcript levels for many kinases and calcium signals were downregulated. Most transcription factors identified were also involved in glucose signaling. Moreover, many genes related to the auxin, gibberellin, and abscisic acid responses were upregulated or downregulated. Additionally, the K + , Ca 2+ , SO 3 -, NO 3 -, PO 4 3-, amino acid, and sugar transporters were also upregulated or downregulated. These results provide a basic 4784-4801 (2015) understanding of the glucose-mediated molecular mechanisms in the regulation of early seedling development.
INTRODUCTION
Plants are capable of monitoring available nutrients and adapting their transcriptional responses and metabolic processes to this information. Sugars, acting as fuel energy or signaling molecules, play important roles in plant growth and development (Smeekens, 2000) . Sucrose, glucose, and fructose are the primary sugars in plants. Sucrose is the main form of transported sugars in plants, which is cleaved into fructose and glucose by invertases or stored in vacuoles (Koch, 2004) . High concentrations of exogenous glucose were found to suppress hypocotyls elongation, cotyledon greening, and expansion and root development during early seedling development in Arabidopsis (Rolland et al., 2006) .
Over the past few decades, several Arabidopsis mutants related to sugar signaling have been isolated and characterized on the molecular level (Smeekens, 2000; León and Sheen, 2003; Rolland et al., 2006) . Some of the glucose-insensitive (gin) mutants, which can grow in medium containing 6% (w/v) glucose, are allelic to abscisic acid signaling or biosynthesis mutants, indicating that plant glucose signaling interacts with the abscisic acid (ABA) network (León and Sheen, 2003; Rolland et al., 2006) . Glucose-insensitive mutant gin5 and gin6/sucrose uncoupling 6/sugar-insensitive 5 are as allelic toaba3 and abi4 (León and Sheen, 2003; Gibson, 2005) . The sugar-insensitive 1 as mutant alleles of ctr1, a previously isolated mutant showing a constitutive response to ethylene, exhibits resistance to glucose (Gibson et al., 2001) . Moreover, the gin2 mutant is allelic to hexokinase, which catalyzes the conversion of glucose to glucose-6-phosphate to overcome growth arrest when glucose concentration is high (Moore et al., 2003) .
Auxin is characterized as a root-forming hormone in plants and has been found to have an important role in regulating root growth and development (Overvoorde et al., 2010) . Thus, the auxin and glucose may functions may be coordinated during plant root growth and development. The mutant gin2 was reported to be resistant to exogenous application of auxin (Rolland et al., 2002; Moore et al., 2003) . The hookless mutant hls1 was reported to be resistant to auxin and the sugar response, revealing a strong correlation between auxin and sugar signaling (Ohto et al., 2006) . Glucose can also alter auxin transporter PIN proteins, receptor transporter-inhibitor-resistant 1, auxin biosynthetic genes such as YUCCA, and other gene families involved in auxin signaling, including auxin/indole-3-acetic acid (IAA), Gretchenhagen-3 (GH3), and small auxin-up RNA (Mishra et al., 2009) . Ca 2+ is a second messenger in many signaling pathways in response to various environmental and developmental stimuli in plants. A large number of Ca 2+ sensors, including calmodulins, calcineurin B-like proteins (CBLs), calcium-dependent protein kinases, and calmodulin-like proteins, have been identified in plants (Kudla et al., 2010) . The CBL and CBL-interacting protein kinase (CIPK) proteins are specific in plants and were first identified in Arabidopsis (Shi et al., 1999) . In Arabidopsis, a total of 10 CBLs and 26 CIPKs have been identified (Weinl and Kudla, 2009 ). The CBL-CIPK network has been reported to participate in modulating the Na + , K + , and NO 3 -transportation (Liu et al., 2000; Xu et al., 2006) . Recent studies demonstrated that CBL1 and CIPK14 play an important role in glucose response and signaling (Li et al., 2013; Yan et al., 2014) .
In this study, a high glucose level was shown to markedly reduce primary root length by reducing the length of the root meristematic zone and elongation and mature cells. We used RNA-seq to examine the transcriptomic profiles of Arabidopsis seedlings in response to high concentrations of glucose. We analyzed the functional categorization of differentially expressed genes on a genome-wide level in Arabidopsis. These results provide a basic understanding of the glucose-mediated molecular mechanisms regulating early seedling development.
MATERIAL AND METHODS

Plant growth conditions
Seeds of Arabidopsis thaliana (Col-0) were surface-sterilized, rinsed thoroughly, germinated on nutrient plates containing 1/4 strength Murashige and Skoog (MS) medium solidified with 0.8% agar and supplemented with 1% (w/v) glucose as the control condition (CK) or 5% glucose treatment (Glu), and allowed to grow for 6 days at 23°C under a 16-h light/8-h dark photoperiod at 100 μEm -2 sec -1 . Samples of CK and Glu were used for phenotype analysis and RNA-seq experiments.
es Ensembl, eggnog, and Kyoto Encyclopedia of Genes and Genomes database, we obtained functional annotations and metabolic pathway annotations. Gene Ontology (GO) classification of all genes displaying significant changes in transcript abundance was performed using the AgriGO online tool (Du et al., 2010) .
Differential expression analysis of genes
To identify the differential expression of unigenes affected by glucose, we used the reads per kb per million reads to calculate the expression levels of unigenes. Equal or greater than 2-fold changes was used to identify differentially expressed genes between glucose-treated samples and control samples, with P value <0.05.
Validation of RNA-seq data using real-time-polymerase chain reaction (PCR)
A total of 10 genes were selected for validation of RNA-seq data using real-time PCR. From the normal condition and glucose treatment samples, 1.5 μg were reverse-transcribed into single-strand cDNAs using Oligo-dT 18 primer and reverse transcriptase (Takara, Shiga, Japan) according to the manufacturer instruction. For real-time quantitative reverse transcription-PCR, amplification was performed in a 20-μL reaction system containing 2.5μL5X diluted cDNA templates, 0.2 μM of each forward and reverse primers, and 10 μLSYBR Green PCR Master Mix (Toyobo, Osaka, Japan). The reaction was performed in a CFX96TM Real-Time PCR cycler using the following program: 45 cycles at 95°C for 15 s, 60°C for 15 s, and 72°C for 15 s. AtActin2 (AT3G18780) was used as an internal control. Primers for each selected gene are presented in Table S1 .
RESULTS
High concentrations of glucose inhibits early seedlings development of Arabidopsis
Plants are capable of monitoring the nutrients available and adapting their transcriptional responses and metabolic processes to this information. Sugars, acting as fuel energy or signaling molecules, play important roles in plant growth and development (Smeekens, 2000) . To examine the transcriptional changes in Arabidopsis at high glucose concentration, wild-type Col-0 were grown on medium supplied with 1% glucose (w/v) as CK or Glu for 6 days respectively. The effect of glucose on the phenotypes of Arabidopsis seedlings was then evaluated.
The primary roots of Col-0 seedlings were significantly inhibited by 5% glucose as shown in Figure 1a and b. To investigate this inhibition in detail, we determined the length of root elongation and meristematic zone as well as mature cells from glucose-treated seedlings (Figure 1c and d) . The elongation and meristematic zones of roots treated with 5% glucose were 346 and 251 μm respectively, compared with 492 and 332 μm under control condition (Figure 1c and d) . In addition, the length of cells in the mature zone was significantly decreased by high glucose concentrations (Figure 1e) . Additionally, the leaves of glucose-treated seedlings were less green than those of CK. We then analyzed anthocyanin accumulation in whole seedlings. As shown in Figure 1f , anthocyanin accumulation in seedlings under high concentrations of glucose treatment was increased by approximately 4-fold compared with that in seedlings under control conditions. 
RNA-seq analysis revealed Arabidopsis genes showing transcriptional changes in response to high glucose concentrations
We used RNA-seq to investigate the genome-wide transcriptional response to high concentrations of glucose; 2 seedling samples treated with 1or 5% glucose were sequenced using an Illumina HiSeq TM 2000. We obtained approximately 63 million high-quality reads of 130 base pairs from 2 samples. After quality evaluation and trimming, more than 97% reads could be mapped back to the Arabidopsis TAIR 10.20 genomes (Table 1) . We detected 27,206 genes using RNA-seq, and read counts were normalized and differentially expressed genes (DEGs) were identified in the 2 conditions using the HTSeq and DESeq package ( Table S2) .DEGs were defined to have 2-fold or great changes with a false discovery rate-adjusted P value < 0.05. Compared to the normal condition, 863 DEGs were identified at high concentrations of glucose. Among these DEGs, 558 genes were upregulated and 305 genes were downregulated by 5% glucose treatment. Gene ontology (GO) analysis of differentially expressed genes in Arabidopsis response to high glucose concentrations
To investigate the underlying functions of DEGs in response to high concentrations of glucose, GO analysis was examined using the AgriGO online tool (Du et al., 2010) . The Agri-GO service assigned general parent terms to the genes according to biological process, molecular function, and cellular component. The DEGs were classified into 24 biological processes mainly including metabolic process, cellular process, response to stress, transport, response to endogenous stimulus, response to external stimulus, and response to abiotic stimulus, as shown in Table 2 . Further evaluation of DEGs in the metabolic process category indicated that approximately 23% were involved in nitrogen metabolism, 20% in secondary metabolism process, 17% in lip metabolism, 16% in carbohydrate metabolism, and 10% in phosphorus metabolic process, together accounting for approximately 86% of genes in this category ( Figure 2a ). The molecular function was associated with genes in response to 5% glucose treatment including catalytic activity, hydrolase activity, transferase activity, oxidoreductase activity, binding, and transporter activity (Table 3) . Table 3 . Gene ontology classification into molecular function of all genes significantly (P < 0.05) differentially expressed in response to 5% glucose. Further analysis of DEGs with transferase activity showed that approximately 31% were related to the transfer of aglycosyl group, 26% to the transfer of phosphorus-containing groups, 20% to the transfer of acyl groups, 9% to the transfer of 1-carbon groups, 9% to the transfer of alkyl or aryl (other than methyl) groups, and 5% to the transfer of nitrogenous groups, as shown in Figure 2b . Additionally, detailed analysis of DEGs with hydrolase activity showed that approximately 44% were related to hydrolase activity towards ester bonds, 30% towards glycosyl bonds, 14% towards peptidase activity, 7% towards acid anhydrides, and 5% towards serine hydrolase activity (Figure 2c) .
The cellular component is a prediction of gene localization. GO terms involved in the intracellular region, cytoplasm, membrane, and extracellular region were enriched (Table 4) . 
High concentrations of glucose altered numerous genes involved in plant carbohydrate metabolism
Because a large group of genes regulated by high concentrations of glucose were found to be involved in metabolic processes, we further categorized these genes according to their roles in plant carbohydrate metabolism. A schematic of plant carbon metabolism affected by glucose is shown in Figure 3 . The green and red lines indicate metabolic processes that were upregulated and downregulated by 5% glucose. Carbon metabolism-related genes showing at least 2-fold changes by glucose treatment were identified (Table 5 ). The phosphofructokinase and phosphoenolpyruvate carboxykinase of the 2 key enzyme involved in glycolysis were markedly upregulated by 5% glucose. Moreover, isocitrate lyase, malate ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (2): 4784-4801 (2015) synthase, beta-glucosidase 28, glucose-1-phosphate adenylyltransferase family protein encoding for the large subunit of ADP-glucose pyrophosphorylase, which catalyzes the first rate-limiting step in starch biosynthesis, were increased by 10-to 100-fold. Moreover, cell wall metabolism-associated genes were also affected by glucose treatment, such as the cell wall invertase, pectate lyase family protein, chitinase, and plant invertase/pectin methylesterase inhibitor superfamily. 
Hormone signals with changes in response to 5% glucose
Glucose not only acts as fuel in metabolism, but also functioned as a hormone-like signaling molecule during plant growth and development (Arenas-Huertero et al., 2000; Rolland et al., 2002; Moore et al., 2003) . Here, we identified 15 hormone-related genes showing ≥ 2-fold change in transcript levels in response to glucose (Table 6 ). Most DEGs were auxinrelated genes, and the auxin-responsive GH3 family protein and Pin-like 7 encoding for the auxin efflux carrier protein were upregulated; in contrast, IAA6, IAA19, IAA29, and small auxin-up RNA-like auxin-responsive protein were downregulated significantly. Three members of the pyrabactin resistance (PYR)/PYR-like (PYL) family proteins were all downregulated after 5% glucose treatment. Moreover, protein phosphatase 2C (PP2Cs) were also affected by high concentrations of glucose. 
Glucose altered kinases and calcium signaling genes
Glucose acts as a signaling molecule to influence plant growth and development. In order to understand the role of glucose in plant signaling, we identified kinases and genes involved in calcium signaling showing at least 2-fold changes in RNA-seq data. As shown in Table 7 , all but 6 kinases identified showing a change in transcript abundance of at least 2-fold in response to 5% glucose treatment were downregulated, including CBL-interacting protein kinase and mitogen-activated protein kinase. However, metabolic-related kinases such as phosphoenolpyruvate carboxykinase, phosphofructokinase, pyruvate orthophosphate dikinase, and APS-kinase encoding adenosine-5ꞌ-phosphosulfate-kinase were upregulated. Calcium signals are also key regulators of the plant response to environmental stimuli. Interestingly, only 3 genes identified involved in calcium signaling according to our RNA-seq data were regulated in response to glucose.
Transcription factors affected by glucose
A total of 36 transcription factors showed at least 2-fold changes in response to high concentrations of glucose (Table 8) . Interestingly, all but 7 transcription factors were upregulated, including 5 basic helix-loop-helix DNA-binding superfamily proteins, 4 MYB domain proteins, 2 NAC domain-containing proteins, and 2 nuclear factors.
Transporter-associated genes were influenced by glucose treatment
Our RNA-seq data showed that phosphate transporters, sulfate transporters, and multidrug and multidrug and toxic efflux transporters were all upregulated by 5% glucose treatment. Additionally, the transcriptional levels of some K + and nitrate transporters were altered under high concentrations of glucose. The high affinity K + transporter (HAK5) was markedly upregulated after glucose treatment, whereas another K + transporter, SKOR encoding for stellar K + outward rectifier were significantly downregulated, as shown in Table 9 . Moreover, the 2 nitrate transporters showed a different expression pattern compared to NRT1.7 was reduced, but NRT2.3 was increased after exposure to a high concentration of glucose, indicating nitrate transporter sense glucose signals in different pathways. Interestingly, the transcript levels of some cation transporters were also affected by glucose treatment, with the cation efflux family protein (MTP8) and cation exchangers (CAX3 and CAX7) upregulated and the cation/H + exchanger (CHX20) downregulated. Amino acid transporter (AT5G04770) as well as sugar transporter STP1 encoding a H + /hexose cotransporter were significantly reduced by glucose. 
Validation of RNA sequencing data by quantitative real-time-PCR
We conducted real-time PCR analysis to confirm the validity of the changes observed between treatments. A total of 10 selected genes showing transcript changes in response to glucose treatment in the RNA-seq analysis were examined using real-time-PCR. Expression levels were detected in these RNA samples. For all 10 genes, transcript levels determined by real-time PCR analysis were similar to those detected using RNA-seq (Figure 4) , indicating the reliability of the RNA-seq data. Table S1 .
DISCUSSION
Plants are capable of monitoring the nutrients available and adapting their transcriptional responses and metabolic processes to this information. Nutrients function not only as food but also as signals for growth and development. For example, sugars, provide skeletons for organic molecules and store energy for biochemical reactions. Sugars also act as signaling molecules involved in both cellular metabolic processes and abiotic and biotic stress response (Gibson, 2005; Rolland et al., 2006) . Sugars were reported to influence plant seeds germination, hypocotyls elongation, cotyledon expansion, root development, true leaf formation, flowering, and senescence (Rolland et al., 2006) . High concentrations of exogenous sugars were found to suppress hypocotyls elongation, cotyledon greening, and expansion and root development during early seedling development in Arabidopsis (Rolland et al., 2006) . However, detailed studies of the sugars associated with early seedling development are lacking; there are few reports regarding the whole genome scale analysis of the effects of sugars on Arabidopsis. In this study, we examined transcriptional regulation involved in metabolism processes and signaling action in Arabidopsis in response to high concentrations of glucose.
RNA-seq data showed that the transcript levels of 863 genes were altered by glucose treatment, and a large number of DEGs were related to other nutrient metabolic processes such as nitrogen (Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001) . Sugar metabolic processes are involved in regulating photosynthetic activity at the transcriptional level, and Sheen (1990) reported that 7 photosynthetic genes were downregulated by glucose and sucrose in maize mesophyll protoplasts.
Plant glucose signaling was reported to have a complicated interaction with hormone signaling networks. Auxin is a very important hormone for plant growth as well as for development. Both auxin and sugar are very important for plants growth and the regulation of similar processes (Mishra et al., 2009) . gin2, a glucose insensitive mutant, was reported to be resistant to exogenous auxin application (Moore et al., 2003) . In hls1, a loss of function mutation in the HOOKLESS1 gene, exogenous IAA application repressed sugar-induced gene expression and activated some auxin response genes such as the AUR3 encoding GH3-like protein (Ohto et al., 2006) . AUR3 GH3-like protein conjugates free IAA to amino acids; the upregulation of GH3-like genes can lead to a decrease in the free IAA level in plants (Staswick et al., 2005) . According to our RNA-seq data, the transcript abundance of the 2 putative genes encoding for auxin-responsive GH3 family proteins were markedly increased, indicating that the free IAA level in seedlings under 5% glucose treatment may be decreased and subsequently show inhibited growth. Additionally, the RNA-seq data showed that the expression of the IAA6, IAA19, and IAA29 genes was reduced, indicating alterations in auxin biosynthesis in seedlings under 5% glucose treatment. Sugars also affected gibberellin metabolism/transport. For example, gibberellin levels in barley (Perata et al., 1997) and rice (Yu et al., 1996) embryos were decreased following the application of glucose. The expression levels in seedlings treated with 5% glucose showed alterations in the RGA-like 1 encoding negative regulator of GA response, GASA4 encoding gibberellins-regulated protein GASA4, and putative gibberellins-regulated family gene (AT1G22690) ( Table 6 ), indicating that these genes coordinately regulate gibberellin levels in glucose-treated seedlings in Arabidopsis. Glucose has been shown to affect the expression and/or activity levels of ABA pathways, and ABA levels were increased in young seedlings by exogenous application of glucose in Arabidopsis (Arenas-Huertero et al., 2000; Cheng et al., 2002) . Moreover, the transcript levels of ABI3, ABI4, and ABI5 were induced in Arabidopsis seedlings treated with glucose (Arenas-Huertero et al., 2000; Cheng et al., 2002) . According to our RNA-seq data, high levels of glucose significantly induced the expression of ABI4 in Arabidopsis; ABI3 and ABI5 were also upregulated by approximately3-fold (data not shown). The ABA signaling gene ABI4 codes for a member of the DREB subfamily A-3 of ERF/AP2 transcription factor family (Arenas-Huertero et al., 2000) and was also associated with the activation of glucose-1-phosphate adenylyltransferase family protein by glucose and ABA (Arenas-Huertero et al., 2000) . Glucose-1-phosphate adenylyltransferase family protein encodes a large subunit of ADP-glucose pyrophosphorylase and was remarkably enhanced by exogenous application of high levels of glucose (Table 2 ). PP2Cs are important phospha-tases that played vital roles in abscisic acid (ABA) signaling. PYR1 (pyrabactin Pyrabactin resistance 1), a member of the PYR/PYL family protein, is necessary for ABA signaling. ABA binds to pyrabactin resistance 1, which in turn binds to and inhibits PP2Cs, suggesting that PYR/PYLs are ABA receptors acting as negative regulator that control ABA signaling by inhibiting PP2Cs (Park et al., 2009 ). PYR4, PYR5, and PYR6 as well as 2 PP2Cs were transcriptionally regulated, indicating that the ABA signaling network was altered by glucose treatment. AtbZIP63, which codes for a basic-leucine zipper transcription factor, was repressed by 10-fold by glucose treatment (Table 8 ). Previous reports showed that the repression of bZIP63 by high levels of glucose (6%) was regulated by ABA (Matiolli et al., 2011) .
The expression of multiple transcription factors and kinase and calcium signaling genes were regulated by glucose treatment. The transcript of MYB75/PAP1, which encodes a putative MYB domain containing a transcription factor involved in anthocyanin metabolism, was induced by glucose (Table 8 ). MYB75/PAP1 expression was strongly dependent on HY5, which encodes a component of light-signaling pathways, suggesting that anthocyanin biosynthesis is regulated by HY5 by a bifurcate regulation mechanism (Shin et al., 2013) . MYB75/PAP1 can activate other MYB members related to anthocyanin biosynthesis, including PAP2, MYB113, and MYB114 (Shin et al., 2013) . The expression of MYB75/PAP1 was positively regulated by sugars (Das et al., 2012) . Overexpression of MYB75/PAP1 also resulted in increased expression of anthocyanin biosynthetic genes (Borevitz et al., 2000) , indicating that phenylpropanoid biosynthetic genes were induced by glucose via elevated expression of MYB transcription factors. The expression of other transcription factors, including AP2, bZIP, homeodomain, NAC, Zine finger protein, and heat-shock transcription factor, were also influenced by glucose. Tandem CCCH zinc finger protein 4 is related to light-dependent seed germination (Kim et al., 2008) , and its expression is regulated by ABA and gibberellins (Bogamuwa and Jang, 2013) , indicating that glucose-induced tandem CCCH zinc finger protein 4 was associated with the ABA or gibberellins signal network during seed germination. Calcium acted as a ubiquitous secondary messenger in plant cells. CBLs are Ca 2+ sensors that modulate CIPKs in response to various abiotic stresses. Recent studies have shown that expression of CBL1 and CIPK14 was induced by glucose treatment, and knockout mutations in CIPK14 and CBL1 resulted in hypersensitivity to glucose treatment (Li et al., 2013; Yan et al., 2014) . Moreover, CIPK14 was reported to interact with CBL2, CBL3, and CBL9 (Yan et al., 2014) . According to our RNA-seq data, the CIPK20 and 3 putative Ca2+ binding proteins were regulated by glucose, indicating that CBLs and CIPKs are involved in plant glucose signaling.
Acquisition of mineral ions must match the nutrient demand of whole plants. The expression of ion transport systems are regulated on the basis of nutritional status. For example, the uptake of NO 3 -is regulated by sugars and carboxylic acids in the roots (Touraine et al., 1992; Delhon et al., 1996) . AtKUP2 (K + transporter), AtNRT1.1, AtNRT2.1 (NO 3 -transporter), AtHST1 (a high-affinity sulfate transporter), AtPt2, and AtKup2 transcript levels were increased by sucrose supply, whereas AtSKOR was reduced (Lejay et al., 2003) . This agrees with our RNA-seq data, as shown in Table 9 . Twenty-one genes involved in nutrient transport activity, including N, P, K, Ca, S, and organics were found to be regulated by glucose (Table  9 ). In Arabidopsis, there are 56 genes classified into the multidrug and toxic efflux transporter family, most of which are defined as putative (Li et al., 2002) . Five multidrug and toxic efflux transporter family genes were upregulated by glucose, indicating they may be involved in drug resistance or detoxification. Sugar transporter protein 1 and polyol transporter 6 were repressed by high levels of glucose. In Arabidopsis, numerous AtSTPs have been extensively studied and found to mediate the absorption of hexoses from the apoplastic space across the plasma membrane (Buttner, 2010) . In Arabidopsis, overexpression of sugar transporter protein 1driven by the 35S promoter markedly increased glucose absorption (Baier et al., 2004) . The capacity to uptake D-glucose was 60% lower in mutant stp1 seedlings than in wild-type, and AtSTPs were repressed by glucose and sucrose (except AtSTP3 and AtSTP4) (Buttner, 2010) .
Our transcriptional-level assays provide a basic understanding of glucose-mediated molecular mechanisms regulating early seedling development.
